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Abstract

Wire arc additive manufacturing (WAAM) has received increasing use in 3D printing because of its high deposition rates
suitable for components with large and complex geometries. However, the lower forming accuracy of WAAM than other
metal additive manufacturing methods has imposed limitations on manufacturing components with high precision. To
resolve this issue, we herein implemented the hybrid manufacturing (HM) technique, which integrated WAAM and subtrac-
tive manufacturing (via a milling process), to attain high forming accuracy while taking advantage of both WAAM and the
milling process. We describe in this paper the design of a robot-based HM platform in which the WAAM and CNC milling
are integrated using two robotic arms: one for WAAM and the other for milling immediately following WAAM. The HM
was demonstrated with a thin-walled aluminum 5356 component, which was inspected by X-ray micro-computed tomogra-
phy (pCT) for porosity visualization. The temperature and cutting forces in the component under milling were acquired for
analysis. The surface roughness of the aluminum component was measured to assess the surface quality. In addition, tensile
specimens were cut from the components using wire electrical discharge machining (WEDM) for mechanical testing. Both
machining quality and mechanical properties were found satisfactory; thus the robot-based HM platform was shown to be

suitable for manufacturing high-quality aluminum parts.
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1 Introduction

Hybrid manufacturing (HM) is an emerging technology
that combines multiple types of manufacturing technolo-
gies. For instance, hybrid additive manufacturing (AM) and
conventional subtractive manufacturing in a single fabrica-
tion process is a classical hybrid manufacturing [1-4]. HM
not only performs 3D printing, but also offers significant
improvements to the geometric accuracy and surface quality
of printed components via integrated machining operations.
Thus, HM has been an attractive technique to both industry
and academic research due to its flexibility and high fabri-
cation efficiency. In traditional machining processes, com-
ponents are typically fabricated by removing material from
a workpiece. Although this approach is generally effective,
there are certain instances where substantial amounts of
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material may be removed during the process. This excess
material, if conserved, could find utility in other manufac-
turing applications (Fig. 1). 3D printing can utilize mate-
rials either in powder or wire form, which resolves some
of the material waste problems associated with machining
[5, 6]. Nevertheless, 3D printing alone is not usually able
to make components exactly according to the CAD soft-
ware models because of the relatively lower fabrication
precision when compared to machined parts. Thus, post-
treatment processes like milling are commonly adopted for
3D-printed parts to achieve higher accuracy and precision
[7]. Therefore, an HM platform equipped with both 3D
printing and machining can realize high material utilization
rates and competitive surface quality. In a previous study,
Li et al. successfully designed and fabricated functionally
gradient materials through a customized HM platform that
integrated direct energy deposition (DED) and CNC mill-
ing machining [8]. Similarly, through an HM technology
that converged WAAM and forging operations, Bambach
et al. fabricated a jet engine blade with Ti6Al4V by using
WAAM in the 3D printing stage and then traditional forging
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Fig. 1 a The advantages of both AM and subtractive manufacturing, in which hybrid manufacturing technologies converge, are summarized. b
The as-built WAAM 3D printed and the machined ones are shown, which reflected the advantages of hybrid manufacturing listed in (a)

processes to obtain the final shape [9]. Du et al. also used
HM technology combining selective laser melting (SLM)
with precision milling to manufacture an improved surface
finish as well as improved geometric and dimensional accu-
racies of a part. Through a series of experiments, they also
showed the good fabrication quality of the HM platform
[10]. De Oliveira’s team examined how various process
parameters, including those in additive manufacturing and
post-processing, influenced the surface quality of maraging
steel samples, specifically in terms of average roughness
and residual stress. The study involved altering the build
orientation at three levels in the laser powder bed fusion
(LPBF) technique, as well as adjusting the cutting speed and
feed per tooth during machining. Furthermore, the study
assessed the combined impact of aging heat treatment and
milling on surface finishing [11]. Zhang and his group also
developed a hybrid additive manufacturing process of stain-
less steel 3161, combining ultrafast laser machining with
laser powder bed fusion (LPBF). By optimizing param-
eters and alternating LPBF with ultrafast laser machining,
they achieved parts with high dimensional accuracy and
low surface roughness, addressing critical challenges in

Fig.2 The customized hybrid
manufacturing platform consists
of (1) the robotic arm for weld-
ing, (2) the robotic arm for mill-
ing, (3) the welding torch, (4) a
cell spindle and an end mill, (5)
bench vice, and (6) welder
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LPBF applications [12]. Osman et al. explored heat treat-
ment methods for 18Ni-300 maraging steel produced by
additive-subtractive hybrid manufacturing (ASHM). The
heat-treated parts showed potential for higher ductility due
to increased austenite content (up to 13.4%). The hybrid
manufacturing technology with heat treatment proposed in
this study suggests that avoiding higher temperatures could
maintain comparable mechanical properties while benefit-
ing dimensional stability and surface quality in ASHM [13].

WAAM has been utilized as an AM technology for years,
wherein an electric arc functions as the heat source, and
metal wires are fed as feedstock materials deposited on
a substrate into designed geometries layer by layer along
prescribed torch-moving paths. In this paper, a robot-based
WAAM was installed as the AM unit in the developed HM
platform (Fig. 2). The torch, through which the metal wire
was fed, was connected to the positive electrode of the power
supply while the substrate was connected to the negative
electrode. Generally, in this robot-based gas metal arc weld-
ing (GMAW) system, the metal wire is perpendicularly
transported to the substrate. As soon as the wire contacts
the substrate, it completes a closed circuit. Following this, a
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robust electric arc melts the wire, forming molten droplets
that are deposited onto the substrate (Fig. 3). Subsequently,
the deposited part cools naturally in the surrounding air.
In this work, compressed argon gas was transferred from a
tank to the molten pool at a flow rate of 14.72 1 per minute,
providing for a shielding environment. In addition, the wire
can also be fed or drawn. The flexibility of this robot-based
HM platform is also reflected by the 6 degrees of freedom
(DOF), which realize complex moving paths when combined
with programming. Thus, the moving paths, distances, and
speeds cover a vast range. In addition, the welding controller
allows a straightforward definition of welding parameters
such as voltage, current, and feed rate ranging from 1 to
25 m/min. The welding controller allows for precise adjust-
ment of the welding voltage within a broad range, from 14.2

Component WAAM
1 “— torch
Metal wire

_*—Electric arc

Substrate

Fig.3 The operating mechanism of WAAM [14]

Fig.4 a Illustration of how the
cutting forces are kept within
a programmed region through
adjusting feeding rates. b The

(a) -

—

to 320 V. Similarly, the welding controller offers an exten-
sive current range, spanning from 3 to 320 A.

The other robotic arm, used for machining, includes
an adaptive control system to stabilize the cutting pro-
cesses and considers that the stiffness of robot-based
machine tools is lower than conventional CNC machines.
The mechanism of adaptive force control for robotic
machining is realized via an ABB force sensor 165 (ABB
Robotics, Switzerland) installed between the cell spin-
dle and the end of the robotic arm, as shown in Fig. 4b.
The force sensor works to detect the real-time cutting
force during machining. The capacity of cutting forces
in x, y, and z axes is 165, 165, and 495 N, respectively.
The cutting forces are controlled and adjusted by chang-
ing the feed rates of the end mill setting in the system
controller (Fig. 4a). Before milling operations begin, a
specific cutting force value (F,) has been programmed
in the robotic milling code, which prescribes a thresh-
old to realize stable cutting processes. If there occurs a
force measured by the sensor (F,,) that is lower than the
specific F,, the robotic arm keeps moving at the defined
feed rate in the program. Conversely, if the sensor detects
F,<F,, it would reduce the feed rate so that the cutting
forces decrease to the specified values. Figure 4c shows
the closed-loop control mechanism of this force sensor,
in which the cutting forces are detected and delivered as
feedback while the feed rates are selected as the input
signal that can be adjusted for cutting force stabilization,
which is the output.

In this paper, a thin-walled part was manufactured.
The component was 3D printed first by one robotic arm.

(b)
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Then, on the same platform, it was machined by the other
robotic arm that was designed to perform CNC milling
operations immediately following the 3D printing. During
the machining process, cutting temperatures and forces
were recorded for further analysis. After machining, the
surface roughness was measured for surface quality analy-
sis. Subsequently, dog bone samples were prepared with
WEDM for tensile tests. In addition, pCT scan was also
conducted to visualize the porosities inside the as-built
part to understand the fabrication mechanism of WAAM
and also optimize the fabrication quality. Ultimately,
it was found that the two-stage hybrid manufacturing
processes resulted in excellent fabrication abilities and
quality for the described robot-based HM platform, con-
tributing to the innovation and potential application of
such manufacturing technologies with high efficiency,
flexibility, and quality.

2 Experimental procedures

The experiments designed and conducted in this project
included fabrication with WAAM, CNC milling machin-
ing, and other evaluations to characterize the component
manufactured in this HM platform (Fig. 5).

Fig.5 Setup for welding,
milling, and the various tests,
depicting the instruments for
surface roughness, cutting tem-

2.1 WAAM process

The deposited material was aluminum 5356 (Al5356), based
on the wire diameter of 1 mm. In Table 1, the chemical com-
position is given [15—-17]. Considering that aluminum has
a high laser reflection rate, which makes Al additive manu-
facturing challenging with laser-based equipment, arc usage
has been regarded as an optimal alternative heat source for
3D printing of Al [18-20]. The designed model represented
a thin-walled part in which 30 layers of single tracks in total
were successively built up along the z axis. The printing path
for each layer is indicated with red arrows in Fig. 6a which
shows the as-built part after WAAM. To make the building
process more stable, the single tracks, which were 40 mm
long, were printed alternately along both+x and —x direc-
tions. A water-cooled welder (Fronius TPS 3201, Fronius
International GmbH, Austria), which provided the welding
power source, enabled the material deposition process, while
the programmed moving paths were executed by the ABB
IRB 140 robotic arm (ABB Robotics, Switzerland) on which
a welder was assembled. In fact, WAAM is a complex 3D
printing technique where a lot of parameters that influence
printing quality are involved [1]. To better explain the print-
ing process, all the printing parameters that were optimized
values obtained from previous studies were summarized in
Table 2.

. . Porosi :
perature, cutting forces, internal ty Tensile
" . .. Visualization tests
porosities visualization, and
tensile tests Micro-CT : =
Tensile tester
Surface Cutting
j roughness temperature

Roughness tester

Infrared camera

Dynamométer Charge amplifier Laptop
Table1 AI5356 wire Alloy Si Fe Cu Mn Mg Zn Al
composition (wWt.%)
Al5356 0.25 0.4 0.1 0.05-0.2 5.0 0.1 Balance
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Fig.6 a The designed thin wall (a)
model with printing paths in
red arrows. b, ¢ The as-built
part and the machined part,
respectively

(b)

Substrate

Table 2 Printing parameters

and the values Parameters Values/units
Printing speed 10 mm/s
Wire feeding rate 335 in/min
Voltage 172V
Current 75 A
Printing direction  +x in turn

Printing layers 30

Layer thickness 0.57 mm

2.2 Porosity visualization

As with other AM technologies, the wider applications of
WAAM have been limited by the issue of pores and cavi-
ties [21, 22] and the lack of an insightful understanding of
the porosity mechanism, which is not uncommon in the
field of metal 3D printing. Because of the internal porosi-
ties, the density of printed parts can be reduced. As a result,
mechanical properties such as the tensile strength of the
manufactured components can also be impacted. Moreover,
porosity is a frequently encountered problem while 3D print-
ing most aluminum alloys, which thus requires researchers
to pay greater attention to reducing the porosity as much
as possible so that the expected mechanical properties of
3D-printed Al can also be attained [23]. Porosities are gener-
ated as a result of the influences from several factors, includ-
ing arc welding parameters, wire quality, and also shielding
gas flow [24-26]. Especially in the fabrication process of a
part with multiple layers, the comprehensive influences of
the parameters make the porosity mechanism complicated.

In this situation, the investigation of the porosity distri-
bution inside parts made by WAAM is of great significance
to demonstrate the fabrication ability of this proposed HM
platform and to contribute to the parameter optimizations to
manufacture components with better properties in the future.
Instead of scaling the mass and measuring the volume of
printed parts to calculate the density mathematically, pCT

(a) _ (b)
S s
I N .
| 500 | 4.0 |
‘ 16.00 | 8
| - ] |

Fig.7 The designed model (a) with details of size and a real sample
(b) of tested dog bones

scans were performed using an X-ray pCT system (Nikon
Metrology Inc.) [27]. The scanning voxel size achieved was
24.97 um. And the porosity formed during the material dep-
osition process was revealed from the reconstructed volu-
metric images and visualized using a commercial software
ORS Dragonfly [40]. The pCT system is shown in Fig. 9.

2.3 Tensile tests

To determine the mechanical properties such as Young’s
modulus, yield strength, and ultimate strength of a part fab-
ricated by the HM platform, tensile tests were performed for
the dog bone samples cut from a manufactured thin-walled
part. Tensile tests were performed on an Instron 5567A
material test system equipped with a 50 KN load cell. The
tested samples, shown in Fig. 7, were prepared with WEDM
to have a gauge length of 5 mm and a 1 mm gauge width and
thickness. To obtain more accurate data during the tensile
tests, the gauge length and cross-sectional area measure-
ments were conducted three times prior to loading. The ten-
sile experiments were carried out at a speed of 0.005 mm/s
at room temperature, and the tensile forces and deformation
were collected automatically by the Instron machine. Upon
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completion of the tests, the stress and strain were computed
via the following equations:

F

o= (1
0
u

e=, @)

0

where o and € are engineering stress and engineering
strain respectively, /, and A are the average values of the ini-
tial length and the cross-sectional area from multiple meas-
urements, and F and u are the pulling force and displacement
of the tested specimens recorded on the testing machine.

Once the engineering strain and engineering stress were
calculated, the stress—strain curves were plotted in MAT-
LAB to visualize the mechanical properties of the tested
samples. Young’s modulus (E), yield strength, and ultimate
strength are summarized in Table 4. Young’s modulus of
each sample was calculated using Eq. (3), from the linear
elastic region of the stress—strain curves as shown in Fig. 10.
To determine more accurate E, the line that best fits these
data points within the linear deformation region should be
identified. In this project, we employed the least-squares fit
technique to calculate the slope of this line, which corre-
sponds to Young’s modulus [28].

_c
E== 3)

2.4 Milling process

As mentioned previously, post-treatment like machining is
necessary to be performed on the AM parts since the rough
surface and lower forming precision would impede the direct
application of the printed thin wall. The CNC milling unit
in this HM platform was specially developed to address the
drawbacks of WAAM in terms of poor geometry accuracy.
The 3D-printed components were subjected to end milling
following the WAAM process without being moved and
loaded to a separate CNC machine tool. In addition, the

Fig.8 a The profile milling
scheme adopted in this study
was illustrated, in which the
end milling cutter was placed
parallel to the workpiece, and
the tool path was indicated
using the yellow arrows. b After
profile milling, the geometry
size of the machined part is also
shown

@ Springer

(a) —5 (b)

robot-based milling machine shared the same origin on the
same fixture as the other robotic arm for WAAM, which
meant the complex calibration steps for both robotic arms
were also simplified. In addition, this allowed for machining
a printed layer right after the layer was deposited.

Milling operations were carried out using the second
ABB IRB 140 robotic arm (ABB Robotics, Switzerland),
on which an AF60 CU cell spindle (ELTE, Italy) that con-
nected to an independent CNC system through cables was
installed. The milling cutters utilized in this study were
tungsten carbide uncoated 4-flute square end mills (MSC
Industrial Direct Co., Inc.) with 30° helix-angle and 3/8
inch diameter. The milling scheme conducted is illustrated
in Fig. 8a, and the milling parameters are shown in Table 3.
To better understand the robotic milling technology capabil-
ity for parts made by WAAM, as well as to aid in optimizing
the milling process for future research, three different feed
per tooth values, 3.18, 4.76, 6.35E-3 mm/Z, were selected
in the peripheral milling operations, after which machin-
ing performance was evaluated. The machined surface was
as shown in Fig. 6¢c. Compared with the as-built part, the
machined surface was smooth and bright since the rough
surface and the dust caused by welding were removed
through the machining operations. In addition, no obvious
cracks were observed after milling.

2.5 Cutting temperature evaluation
Cutting temperature is another important factor requir-
ing investigation to characterize the performance of this

robot-based milling machine in the described HM plat-
form. In this robot-machining process, the machine energy

Table 3 Milling parameters and the values

Cutting parameters (unit) Value

Spindle speed (rpm) 1000

Feed per tooth (mm/Z) 3.18,4.76, 6.35E-3
Radial depth of cut (mm) 1

Axial depth of cut (mm) 2

Component

Substrate
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generated during the robotic milling was converted to cut-
ting heat through plastic deformation of the metal in the
shear zone ahead of the cutting edges, the friction between
the cutting tool face and the chip, and the friction between
the workpiece and cutting tool [29]. Milling performance
is influenced by cutting heat in many aspects. In particu-
lar, as the cutting temperature increases during machining,
tool strength would decrease, which may cause faster tool
wear and even failure. The high temperature realized during
machining can also lead to workpiece material adhesion on
the cutting tool faces, for which built-up edge tumors might
form easily. For Al alloys, which have relatively higher plas-
ticity, built-up edge tumors and other tool wear introduced
by high cutting temperatures can also bring about work hard-
ening and residual stresses on the finished surfaces of com-
ponents, directly affecting the machined surface integrity
and the machining precision [30].

To measure the cutting temperature for optimizing the mill-
ing operations in this HM platform, an infrared camera FLIR
ES5-XT (Teledyne Technologies, USA) was utilized to record
the temperature changes throughout the machining processes.
This was a visual and non-contact temperature measuring
tool with a high sensitivity to temperature changes. Before the
measurement, the camera was fixed ahead of the bench vice
where the thin-walled part was built up and machined. The
detector of the infrared camera was focused on the machined
regions. Per the milling strategy described earlier, milling
operations with three different feeds per tooth were performed,
while cutting temperature measurements were also recorded.

2.6 Surface roughness measurements

Since the subtractive manufacturing unit was included in
this HM platform to make up for the low forming precision
of the AM unit, the ability of this machining robotic arm in
improving the surface quality of AM parts requires evalua-
tion, particularly since the surface roughness also imposes
certain influences on the performance of fabricated parts
when they are put into real applications. Accordingly, ana-
lyzing the surface roughness of the machined component
also helps to optimize the machining parameters so that
both the subtractive manufacturing unit and machined parts
will function more efficiently and reliably in future studies
and manufacturing processes.

In this section, the center line average height (R,) of
the finished surfaces was measured. R, is the arithme-
tic average of the absolute values of the profile height
deviations from the mean line, recorded within the evalu-
ation length. Particularly, the surface roughness R, cor-
responding to the selected three feed per tooth values was
measured by a portable roughness tester RUGOSURF 20
(TESA Technology, Switzerland). To obtain more accu-
rate and precise test data, calibration for the tester was

done with a calibration block before the measurement
started. To minimize the errors of data, R, measurements
for each finished surface were repeated multiple times
at various locations, while the cutoff length and cutoff
number were 0.8 mm and 5, respectively. All the results
were recorded and utilized to make boxplots.

2.7 Cutting force measurement

Cutting force is a major factor to be considered in order
to achieve high surface quality in milling [31]. The fluc-
tuation of cutting forces needs to be minimized to reach
high surface finish quality and long service life of the cut-
ting tool [32]. To investigate the machining performance
of this robotic milling tool, the cutting force is a signifi-
cant parameter that needs to be analyzed. However, the
3D-printed components are different from the wrought
ones with regard to their anisotropy in both microstruc-
tures and geometries, which makes the machinability of
these types of parts unpredictable. As with objects fabri-
cated by the other AM technologies, the WAAM compo-
nents in this work were not uniform, both in their macro
geometries and microstructures. This was attributed to the
non-uniform cooling and different thermal histories that
consequently induced anisotropies in the distribution of
defects and mechanical properties, including hardness,
strength, and even residual stress. When 3D-printed parts
with significant heterogeneity are machined, the cutting
process may show machine chatter and instabilities in cut-
ting forces, chip thickness, and surface quality because of
the discontinuities in mechanical properties and surface
topography at different positions along the tool moving
path [33, 34]. These issues become more serious when
machining processes are done by a robot-based machine
tool in which the machine stiffness is much lower than
with traditional CNC machine tools with solid founda-
tions [35, 36]. Therefore, tool life failure can be acceler-
ated, and satisfying machining quality cannot be ensured.
Considering these influences that cutting forces have, a
detailed measurement of the cutting forces was conducted
for analysis.

Measurements of cutting forces were obtained using
a 3-axis force dynamometer, K3D120 (ME-MeBsysteme
GmbH, Germany) with a maximum measuring range of + 1
KN. This force dynamometer recorded the three compo-
nent cutting forces in the x, y, and z directions during the
machining of specimens printed with WAAM. Then, the
active cutting force F,, was also calculated and analyzed.
Milling operations were performed three times using dif-
ferent feeding rates, respectively. The set-up utilized for
milling and force measurements is as per the configuration
in Fig. 5.
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3 Results and discussion
3.1 Porosity analysis

There are two dominant causes for pore presence in WAAM
parts, which are, respectively, the presence of hydrogen
and surrounding gas close to the molten pool. In particu-
lar, during welding, a continuously increasing amount of
hydrogen dissolved in liquid aluminum and surpassed the
solubility limit. In this work, as the aluminum rapidly solidi-
fied, the excess hydrogen gas bubbles were trapped in the
solid aluminum in a homogeneously distributed form. As
for the sources of hydrogen, the hydrocarbon contaminants
on the surfaces of the wire, water vapor near the arc, and
the original hydrogen in the wire likely contributed to the
formation of hydrogen bubbles [37]. In addition, the flowing
aluminum during welding also traps surrounding air with a
rapid solidification rate, and the shielding gas is blown to the
molten pool at a certain speed, which was also a main source
of porosities inside the components, which usually have
inhomogeneous sizes and distribution [38]. From the pCT
results presented in Fig. 9b, ¢, both homogeneously distrib-
uted porosities with uniform sizes and randomly distributed
porosities with inhomogeneous sizes were observed, caused
by both hydrogen gas and surrounding gas (including air and
shielding gas). The pores existed in most layers throughout
the printed object. In total, the porosities had a volume of up
t0 9.08 mm?, which accounted for 0.126% of the entire vol-
ume of the whole fabricated part. As shown in Fig. 9d, most

Fig.9 Pores distribution inside (a)
the thin-walled part revealed by
the reconstructed uCT image
with a voxel size of 24.97 um
and visualized using ORS Drag-
onfly software. a Scanned view
of the part. b, ¢ Pores distribu-
tion in 3D view with their size
and sphericity indicated by the
color bars. d Pores size, volume,
and sphericity depicted in a
summary graph

Pores sphericity
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pores were tiny with sphericity close to 1. There only existed
a few pores with volumes higher than 0.05 mm?. Note that
some research groups have been investigating and trying
potential creative methods to reduce porosities in WAAM,
either through parameter optimizations [22, 26] or other
types of post-treatments [37]. Therefore, effective methods
that can reduce both kinds of pores should be explored in
future projects, which will help improve the manufacturing
performance of WAAM in this HM platform.

3.2 Mechanical property characterization
The stress—strain curves which reflected the general mechan-

ical properties of the WAAM parts were plotted in MAT-
LAB and are presented in Fig. 10. Based on the numerical

Stress (MPa)

50
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Fig. 10 The stress—strain curves of the dog bone samples EDM cut
from the thin-walled specimen manufactured with the HM platform
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data and these curves, Table 4 summarizes the results,
including Young’s modulus, yield strength, and ultimate
strength of the tested samples. All stress—strain curves in
this paper were composed of similar sections as the typi-
cal curves of wrought aluminum alloys and included linear
elastic regions, then strain-hardening regions, and finally
necking regions. However, the mechanical properties of each
sample did exhibit different values. Some Young’s modulus
values were higher than 16 GPa. However, some samples
only have Young’s modulus around 6 GPa. Besides this,
obvious differences in yield strength and ultimate strength
were also observed, although all the samples were prepared
from the same thin-walled part. These value variations of
mechanical properties might be attributed to the nonuniform
distribution of flaws and defects like pores in the samples.
These defects could not only introduce stress concentration,
making the samples fail earlier than the other samples with
less flaws, but also occur unpredictably at random locations
on 3D-printed components. Thus, reducing defects and tech-
nology optimizations to fabricate parts with higher and more
stable mechanical properties should be a significant focus in
the following studies of the HM platform.

3.3 Cutting temperature analysis

Next, the cutting temperature from each milling trial was
extracted and plotted using MATLAB (Fig. 11). It was
shown that the cutting temperature in each milling operation
increased rapidly from room temperature as the thin-walled
part was machined. Then, the cutting temperature reached

an equilibrium until the end of machining, which was fol-
lowed by a natural temperature decrease. To be specific,
once the rotating end mill contacted the part to be machined,
a considerable amount of machine energy was converted
to cutting heat, leading to a sharp temperature rise. Subse-
quently, as the most of machining heat was transferred to the
detached chips, which were removed from finished surfaces,
and some remaining heat was dissipated to the surrounding
air, the cutting temperature reached an equilibrium state.

Since the feed per tooth was different in each cutting
round, total cutting time also varied, although the cutting
distance was the same value, 38 mm. When the higher feed
per tooth was selected, more energy was consumed to over-
come the friction and remove the materials per unit of time,
which generated more heat increasing the cutting tempera-
ture. Thus, the cutting temperature of the milling trial in a
feed per tooth of 3.18E-3 mm/Z was lower overall than the
other two milling trials in which higher feed per tooth of
4.76 and 6.35E-3 mm/Z was used. The slight variation in
each curve was introduced by the rough surfaces of as-built
parts after WAAM. The rough surfaces with lower geom-
etry precision made the real cutting depth during machining
either higher or lower than the input value in the machining
program.

3.4 Surface roughness analysis
The surface roughness values of three finished surfaces

were processed with MATLAB and given in the boxplots of
Fig. 12. 3D-printed metal components can exhibit varying

Table 4 Results of tensile tests

Samples No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7

Elastic modulus (GPa) 16.30 5.12 5.93 13.76 5.72 6.33

Yield strength (MPa) 112.6 109.6 109.0 101.3 109.5 98.1 110.5

Ultimate strength (MPa) 197.8 1959 187.8 182.5 197.5 179.6 198.1
Fig. 11 Cutting temperature 25-

history of three milling trials
with feed per tooth of 3.18E-3,
4.76E-3, and 6.35E-3 mm/Z
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Fig. 12 Plot showing that, after machining, the surface roughness of
printed thin-walled part also varied as a result of different feed per
tooth used

mechanical properties at different locations due to the com-
plex thermal history during printing. Therefore, surface
roughness after cutting may not necessarily follow the same
trends as wrought metal materials due to the non-uniformly
distributed material properties. This underscores the impor-
tance of investigating the surface roughness of parts fabri-
cated with WAAM.

The tendency of R, changes could be observed in the
results, which was that R, would be higher as the feed rate
increased. When the feed per tooth was 3.18E-3 mm/Z, the
average R, value was about 1.1 um, while the average R,
could reach about 1.4 and even 1.54 pm as the feed per tooth
was increased to 4.76 and 6.35E-3 mm/Z, respectively. In
particular, the increase of feed per tooth could be understood
as more material was removed per unit of time, which meant
the load on the robotic arm and also the reaction forces on
the workpiece tended to increase. Under this circumstance,
aluminum with higher plasticity was deformed more because
of the higher feed rate, which consequently increased the
surface roughness on the machined surfaces.

This change in the R, value with varying feed per tooth
aligns with findings from previous milling studies with
aluminum alloys [39]. This suggests that the milling per-
formance of this robotic machining tool can be considered
typical in terms of surface quality control, relative to other
traditional CNC machines. Furthermore, this evolution of R,
indicates that the 3D-printed metal part exhibited relatively
consistent material properties across different locations on
the machined part, underscoring the expected fabrication
stability of this WAAM device.

3.5 Cutting force analysis
For robot-based machine tools, relatively lower machine

stiffness makes the cutting force a crucial factor that can-
not be ignored. Too much force load would damage the

@ Springer

robotic arm, influence machining accuracy, and even cause
failure. Thus, lower values of machining parameters in this
work were selected in order to avoid potential damage to
the robotic arm. The cutting forces were plotted as shown in
Fig. 13. Three similarities can be found in the three milling
trials, although the feed rates were different. First, the cut-
ting forces along the feeding direction, which was +x, went
higher quickly once the end mill contacted the workpiece
as the cutting depth increased. Following this, the cutting
forces reached and stayed at a higher level until the end of
milling as the end mill was separated from the workpiece.
Second, the cutting force along feed direction+x (F) was
higher than the cutting forces along y(F,) and z (F). This
was because the cutting tool overcame the most resist-
ance along x axis when machining, while less material was
removed along y and z direction. Third, there were some
cutting force fluctuations after the end mill had sufficiently
contacted the workpiece, which should be stable and con-
stant. The force fluctuates were caused by the anisotropies in
both microstructures and non-constant actual cutting depth.
Since the thermal history during the welding was complex
and not uniform, the microstructures were not uniform as
in wrought alloys. And since the surface of the thin-walled
part was also very rough, this led to the actual radial cutting
depth varying.

Apart from the similarities, the difference among the
three plots was that the main cutting force tended to be
higher as the feed per tooth improved, which is a straight-
forward rule in the machining field. The maximum cutting
forces, F,, in the three milling trials, were —42.6, —50.2,
and —50.7 N, as feed per tooth varied from 3.18E-3, 4.76E-
3, and 6.35E-3 mm/Z. Such a tendency can also be applied
to F,. Since the material to be removed per unit of time
increased, the forces that the robotic arm provided were
expected to increase. In a manner consistent with our exami-
nation of surface roughness, the analysis of cutting forces in
WAAMed components revealed a conventional trend over-
all. This trend suggests that the special material properties
of 3D-printed components do not significantly impact cut-
ting performance. Drawing this conclusion holds particular
importance as it provides valuable insights for the design of
manufacturing processes involving WAAMed components
in future industrial scenarios.

4 Conclusion

In this paper, a customized robot-based hybrid manufactur-
ing platform, which integrates both additive manufacturing
(AM) and subtractive manufacturing, was introduced. The
AM unit, realized through wire arc additive manufacturing
(WAAM), effectively 3D prints the designed geometries.
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Fig. 13 The cutting force and (a)
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Milling machining was equipped as the subtractive man-
ufacturing unit to perform post-treatments and improve
the fabrication accuracy and precision of the 3D-printed
objects. Through a series of experiments and tests on
porosities, surface roughness, cutting temperature, cutting
forces, and mechanical properties, the following conclu-
sions can be drawn:

- The HM platform is able to fabricate designed models,
taking full advantage of both WAAM and milling to print
and then machine the components.

- Porosity is an inevitable issue in WAAM and can neg-
atively influence mechanical properties such as Young’s
modulus, Yield strength, and Ultimate strength, which
was revealed in the stress—strain curves obtained from

s B
Cutting distance (mm)

tensile tests. However, porosity ratios can be decreased
through parameter optimizations and other types of
post-treatments.

-The anticipated machining performance of the robot-based
milling tool was indeed demonstrated, notably showcased by
the significantly improved surface quality post-milling. Despite
potential variations in material properties between WAAMed
components and traditional wrought metal materials, the find-
ings pertaining to surface roughness, cutting temperature,
and cutting forces conformed to established machining prin-
ciples, particularly in response to changes in feed per tooth.
This alignment underscores the WAAM device’s capability
to manufacture metal parts with relatively consistent material
properties.

@ Springer
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